described in all classes of plants from micro-organisms to vascular plants (e.g. see the reviews by Ashida, 1965, and Rune, 1953) . Few experimental investigations, however, have been made into the genetics of such adaptation. McNeilly and Bradshaw (1968) tested populations of Agrostis tenuis Sibth. for copper tolerance using tillers and seed material from various mine tips and showed that copper tolerance had a high heritability, but the only previous measurements on progenies derived from parent plants of known metal tolerance are those of Wilkins (1960) , who measured lead tolerance in Festuca ovina L., and Broker (1963) , who measured zinc tolerance in Silene infiata. All these authors concluded that metal tolerance was an inherited characteristic, but whereas Wilkins (1960) thought that lead tolerance was under the control of a small number of genes, or even a single major gene, the other authors favoured polygenic systems. One factor contributing to the uncertainty of the mode of inheritance is the lack of precision in the measurement of heavy metal tolerance. As a consequence it was not possible to be sure whether the variation found in the progenies was continuous or discontinuous. In an attempt to overcome this problem the present investigations set out to collect data which could be analysed by statistical methods.
A number of plant species are found growing on lead-mine tips in Great Britain, but one of the most widespread is Festuca ovina L. This is a tussockforming grass, which therefore does not spread rapidly, and consequently the risk of multiple sampling of the same genotype from any one site is reduced. It is also easily grown as clones in garden soil, and tillers can be readily separated off for experimental work. However, F. ovina occurs in various polyploid races as well as in the diploid form (Watson, 1958) , and as most of the available diploid material came from the North Pennine district the results relate directly only to the populations in that area.
MATERIAL AND METHODS
All the Festuca ovina plants used in this investigation, except plant 262, had been collected from, or near, lead-spoil tips in the North Pennines (see table 1 ). Subsequently, the clones were grown in ordinary garden soil, many of them for up to 13 years, before being used in the experiments described below. Each plant was given a reference number on collection which was used for identification in the experimental work.
Crossing was carried out in a glasshouse using portions of diploid (2n = 14) material which had been potted-up for the purpose. Bunches of inflorescences of the required parent plants were enclosed together in crossing The plants were tested for lead tolerance by the method of Wilkins (1960) , in which root elongation was measured before and after addition of lead to the test solution, incorporating the device to lift the tillers out of the solution for several minutes every hour. This procedure ensured aeration and mixing of the experimental solutions. Linear extension of roots produced from tillers of each genotype was measured at a constant temperature (25° C.) and with continuous light (300 ft-c). Either the longest root in each of five tubes or, in later testing, the three longest roots in each of two tubes were measured and the mean tolerance index (T.I.) determined for each plant. The plants most tolerant of lead had the lowest tolerance indices.
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C. URQUHART bags just as the flowers of each plant began anthesis. Any fully open flowers were removed before the bags were put on, and after flowering was completed the inflorescences of each genotype were separated into individual bags. The diploid race is virtually self-sterile, but as a few individuals had occasionally been found to be slightly self-fertile a check was made by bagging a number of inflorescences of each parent separately. The success of a cross was estimated from the number of seedlings obtained per inflorescence. Statistical analysis of two sets of diallel cross data were carried out by Dr B. Barnes using the methods devised by Jinks (1954) , Hayman (1954) and Jones (1965) .
The amount of lead in the soil samples was estimated by a polarographic method following extraction with 05Y acetic acid.
RESULTS (a) Diallel crosses
The first diallel cross was made between five medium tolerant plants (collection numbers 728, 742, 743, 747 and 752) which came from three adjacent tips on Nunnery Hill (see table 1), and the second cross used plants 916, 703 and 262 which came from widely separated habitats and showed extreme differences in lead tolerance. In each case the plants were crossed in all possible combinations, but only one of the reciprocal crosses was grown and tested on the assumption that there were no maternal effects. Ten progeny were tested from each cross, and information about the parents was obtained from an equivalent number of samples of cloned material for each plant. The analysis makes the following assumptions:
(1) no genotype-environment interaction, (2) diploid segregation, (3) no maternal effects, (4) homozygous parents, (5) no non-allelic gene interactions, (6) no multiple alleles, (7) uncorrelated gene distribution in the parents.
Of these assumptions only number 6 is untestable. Because tolerance was maintained by the plants after several years in cultivation, and since tests carried out on a number of plants at various times of the year gave consistent results, it was considered that genotype-environment interaction could be ruled out for this character. The second assumption of diploid inheritance was valid as only diploid plants were used. There was some evidence in this material of significant maternal effects (table 2), however these effects were considered to be relatively trivial. The remaining assumptions (4, 5 and 7) can be tested for the first half-diallel by means of the covariance-variance analysis of Jiriks (1954 Jiriks ( , 1956 ) and Dickinson and Jinks (1956) . If there is evidence of non-additive genetic variation from the analysis of variance, then the points of the Wr/ Vr graph (see fig. 2 ) are expected to lie on a straight line of unit slope when the parents are homo-B2 showed non-additive genetic variation. Since the regression of Wr on Vr ( fig. 2 ) was a straight line of slope not significantly different from 1.0, this latter variation may be interpreted as dominance and not as non-allelic interaction. Directional dominance was indicated by the significance of the b5 item and showed that the means of the crosses were, on average, significantly different from the means of the parents. Furthermore, the b2 item indicated that there were differences in dominance between the parental lines. The level of dominance may be judged from the intersection of the Further information on the type of dominance shown for lead tolerance may be obtained as follows. The positions of the points along the regression line give a measure of the relative number of dominant and recessive genes in the parental lines, and the parents with most dominant genes occur near the origin. These are seen to be the lead-tolerant plants, while the nontolerant plants, with recessive genes, take large values of both Wr and Vr. The correlation between (Wr + Vr) and the parental tolerance indices was 0931. Thus, dominance was directional and for lead tolerance. The actual number of genes determining lead tolerance could not be estimated from The data from the second diallel cross support these findings in general (see tables 5 and 6), i.e. highly significant additive and non-additive variation. However, there were insufficient data for a variance/covariance analysis to be carried out. The pecked axes indicate the correction to ordinate and abscissa due to the environmental component. No dominance for tolerance, but rather dominance towards non-tolerance, was indicated from the cross of the two medium tolerant plants 705 and 703 and from the self-fertilised progeny of plant 703 (see fig. 5 ). Some doubt existed about the cross 703 x 705, however, since the fertility was so low that the seedlings could have been produced as a result of self-fertilisation of 1703 2621 Ti.
Fic. 6.-Progenies from non-tolerant parents.
Modification of dominance is seen in figs. 8 and 9. For instance, in fig. 8 , whereas no dominance was shown in the original cross (702 x 703) the second cross (9/5 x 9/4) gave a progeny in which tolerance was dominant. Backcrosses of plants 9/0,1 and 9/2,4 to the non-tolerant parent (702) produced progenies in which no dominance was shown, but as mentioned above, a backcross of 9/2,4 to the medium tolerant parent (703) gave a progeny in which non-tolerance showed almost complete dominance. Similarly, in the first cross of plants 916 and 262 ( fig. 9 ) dominance was shown to be almost complete for tolerance. However, this broke down and no dominance was shown in the second cross (29/7,3 x 29/1,0) or the backcross of the tolerant 29/0,4 with the non-tolerant parent (262). The results presented in this investigation show clearly that lead tolerance in Festuca ovina is an inherited characteristic. Furthermore, the variation seems to be continuous, as Bradshaw et al. (1965) Bradshaw et al. (1965) concluded that tolerance of heavy metals was dominant in Agrostis tenuis, whereas McNeilly and Bradshaw (1968) found no obvious dominance for copper tolerance. Previously, Wilkins (1960) had concluded that lead tolerance in Festuca ovina tended to be dominant, although he also found instances in which this was not shown. Lead tolerance was found to be dominant in some of the crosses reported here (e.g. figs. 3 and 4) and both diallel analyses demonstrated strong directional dominance.
However, it was also apparent that the degree of dominance could vary, and that in some instances it was absent (e.g. fig. 5 ) while in others non-tolerance exhibited dominance (figs. 7 and 8). This evidence confirmed the hypothesis made by Antonovics (1968) that effects of dominance could be ambidirectional but that the severe selection pressures on metal contaminated soil would, on the whole, select for dominance of tolerance. These results also indicated that dominance may still be evolving and that the modifiers controlling level and direction had not yet been fixed by selection.
Dominance of characters in other organisms has also been shown by means of artificial crosses to be a variable and genetically controlled factor (e.g. Whitten (1968) , see also for further refs.), and Sheppard and Ford (1966) dominance for lead tolerance in Festuca ovina is under the control of specific modifiers, which Antonovics' (1968) model predicts could spread rapidly through mine populations in the presence of gene flow from surrounding normal pasture populations. The model also showed that overdominance of the favoured gene could be produced. However, in this material there was no evidence for overdominance. That populations could diverge without any isolation limiting gene flow between them had, for example, been found for Drosophila by Thoday and Boam (1959) , and predicted from mathematical models by Clarke (1966) and Jam and Bradshaw (1966) . Continuous variation in the expression of lead tolerance could probably, therefore, be accounted for on the basis of major control by a small number of genes the dominance of which is con-0. 10 12 1.4 1:6 1.8
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trolled by modifiers, and the overall expression of which is affected to a small degree by maternal effects (see table 2 ). It is implicit from the discussion by Bradshaw et al. (1965) , concerning the evolution and place of origin of heavy metal tolerance, that they consider tolerance to have evolved by the prdouction of compounds within the plants specifically for protection against the toxic effects of heavy metals. Certainly the mechanisms appear to be specific in that tolerance of one metal does not impart tolerance of another (Gregory and Bradshaw, 1965) , but a mechanism such as that described by Ashida (1965) seems a much simpler explanation. He suggested that adaptation to metal toxicants might be adventitious by the intensification of some normal physiological activity, and individuals possessing this heightened activity would be selected. A tolerance mechanism of this sort could be selected from any population of the species and would obviate discussions as to the place of origin and spread of tolerant plants. The progenies produced from crosses between two tolerant parents ( fig. 5 ) or two extremely non-tolerant plants ( fig. 6 ), for example, show that although variation of tolerance is continuous there are limits, and that the extreme, wild parent types approach these limits. Hence, no new or mutant type of plant need be produced. It is generally assumed that the toxic metal will be chelated within the plant and selectivity of the metal tolerated would therefore arise from the specificity of the chelating compound produced. Where a plant was tolerant of more than one metal, an equivalent number of tolerance mechanisms would have been selected for. However, not all plants have the ability to develop races tolerant of contaminated soil, as is evidenced by the sharp reduction in species numbers when passing from uncontaminated on to contaminated soil (Rune, 1953) . Consequently, one must assume that only those species which possess sufficient flexibility in the control of the necessary metabolic processes can invade contaminated areas. On the other hand, it is obvious from the list of species possessing tolerance (Rune, 1953 ) that this ability is not restricted to any particular class of plants.
SUMMARY
I. The genetical basis of lead tolerance within the species Festuca ovina has been investigated by means of the analyses of half diallel crosses, and by a series of crosses between selected parents of known tolerance.
2. Analysis of the diallel cross data showed additive genetic variation and directional dominance for lead tolerance. There was no evidence of non-allelic interaction.
3. Examination of the selected crosses showed that the degree of dominance, and even the direction of dominance varied.
4. There were indications of small maternal effects. 5. It was concluded that more than one, but probably a small number of genes, were producing the major effects, and that modifiers for dominance were present. These latter were probably affected, in turn, by the genome as a whole.
6. The data were discussed in relation to theories of the evolution of heavy metal tolerance on mine tips.
